Introduction
Short-wave radiation intensity between 400 and 700 nm (i.e. Photosynthetic Photon Flux Density: PPFD) plays a major role in the growth, survival, and regeneration of understory boreal forest species (Johansson 1990 We wished to answer the following questions: 1. Is there an intrinsic difference in the quantity and spatial and temporal variability of light penetrating through the canopy among different boreal forest types, notably Populus tremuloides, Betula papyrifera, shadetolerant conifer, mixed broad-leaf conifer and Pinus banksiana forest? 2. Do the two major soil types found in the northwestern section of the boreal forest of Quebec (clay vs till soil types) affect the availability of light reaching the understory vegetation independently of the type of overstory tree composition? 3. What is the effect of understory vegetation on light availability and variability? We did not consider the influence of canopy openings caused by the last spruce budworm outbreak and selected closed (cover at least 85 %) and undisturbed stands of each forest type.
An additional objective was to collect data on the understory light environment for a new plant level model (LIGNUM, described in Perttunen et al. 1996 ).
Material and Methods

Study area
The study sites were situated in virgin forests on the mainland surrounding lake Duparquet, Quebec (48? The mean annual temperature is 0.6 ?C, the mean annual precipitation is 822.7 mm, and the annual frostfree period is 64 days (Bergeron et al. 1983 ). The soil is a Grey luvisol (Anon. 1978) with a moderate to good drainage; for comparison, stands ofPopulus, Betula and Pinus were also chosen on adjacent till deposits.
Forest age since fire disturbance has been determined in previous studies by dendrochronological techniques (Bergeron 1991) . 29 stands, 20 on clay and nine on till soil, were selected in forests that varied in age since fire from 50 to 230 yr; they represent a wide variety of stand structure and composition types (Table 1) . These forests provide a good representation of the range of understory environments found in the unmanaged closed boreal forests of northwestern Quebec.
Overstory and understory stand structure Stand structure in each stand was assessed in plots with a radius of 17 m. DBH (diameter at breast height) and identity were determined for all trees greater than 5 cm in diameter. Percentage cover of the understory vegetation was estimated visually in each of nine 1-m2 subplots centered around points where light measurements took place (i.e. plot center, and at 2 m and 5 m from the plot center in each cardinal direction). The cover was estimated for three strata at each subplot: between 0 and 50 cm, 50 and 100 cm, and between 100 cm and the top of the main understory vegetation.
Light measurements PPFD was measured in July and August 1994 at 9 systematic points inside a 17 m wide radius plot in each of the 29 stands: at plot centre and at 2 and 5 m in each cardinal direction. The exact center of the plot was determined at random by throwing a stick within a larger area where the overstory canopy was completely closed. The measurements were carried out at 0, 50 and 100 cm above the forest floor, and above the main understory vegetation cover under overcast sky conditions following the method proposed by Messier & Puttonen (1995) and validated by Parent & Messier (1996) . This method is based on the findings that one instantaneous measure made under completely overcast conditions is representative of the main daily %PPFD on both clear and overcast sky conditions. Light measurements in the forest understory were carried out with a hand-held LI-190 point quantum sensor (LI-COR, Inc., Lincoln, NE). Continuous measurements were carried out in an adjacent opening to record the above canopy PPFD using a LI-1000 datalogger.
A subsample of one Populus, one Betula, three mixed Broad-leaf-conifer, two mixed coniferous and one Pinus stand was selected at random within each of these categories to measure light continuously under clear sky conditions; in each stand five sensors were placed above the main understory vegetation. For each of these sensors, the mean of 5-second measures was recorded every minute over one full sunny day on July 15, 1994 using LI-1000 dataloggers.
Data analysis
For each plot, we calculated the mean value, standard deviation and coefficient of variation of the nine instantaneous measures of %PPFD made at 0, 50, and 100 cm above the forest floor and above the main understory vegetation cover under completely overcast sky conditions. Similarly, we calculated the average of the total percent cover of the understory vegetation made between 0 and 50 cm, 50 and 100 cm, and 100 cm and the top of the main understory vegetation of the nine subplots. The 29 stands were grouped into two different soil types (clay vs till) and five different forest types:
(1) pure Betula papyrifera; (2) pure Populus tremuloides; (3) mixed broad-leaf conifer (stands with between 25 % and 75 % broad-leaf species based on total basal area); (4) shade-tolerant conifer (stands with more than 75 % conifers); (5) pure Pinus banksiana (Table 1) .
One-way or two-way ANOVA were used to test for significant differences in light environment among forest and soil types. The Tukey HSD multiple comparison test was used to compare means. Simple and/or multiple linear regressions were used to test for relationships between light, understory vegetation and stand characteristics.
Results
Effects offorest and soil types on understory vegetation and mean daily %PPFD The 29 stands selected for this study varied in time since fire, density, soil type, height, average DBH, percent broad-leaf composition, mean basal area, mean understory vegetation percent cover and mean percent understory light (Table 1 ). In order to be able to isolate the effects of forest and soil types, we separated the analyses of the five different forest types on clay soil (i.e. 20 stands) with those made on the three forest types that were found on both clay and till soils (i.e. nine stands on till and 10 stands on clay). See Table 1 .
According to a multiple regression applied to the 20 stands growing on clay soil, height of the overstory trees was positively related and total basal area was negatively related to mean daily %PPFD measured above the understory vegetation (R2 = 0.335; Table 2 ). Intolerant broad-leaf (Populus, Betula) and coniferous (Pinus) species transmitted significantly (P < 0.10) more %PPFD as measured above the understory vegetation than shade tolerant conifer and mixed broadleaf conifer forest types (Fig. 1A) . The cumulative total cover (Fig. 1B) and maximum height of the understory vegetation (Table 1) were significantly (P < 0.05) higher under Pinus and Populus than under Betula, shadetolerant conifer and mixed forest types. A multiple regression found both %PPFD measured above the understoy vegetation (P = 0.040) and height of the tree canopy (P < 0.001) to be positively related to the cumulative total understory cover (R2 = 0.802; Table 2 ).
The coefficient of variation of %PPFD measured above the understory vegetation also varied greatly among stands (Table 1) . It was significantly (P < 0.05) higher under Pinus, Shade-tolerant conifer and Mixed forest types than under Populus forest types (Fig. 2) , and was also significantly higher under Pinus than Betula forest types. Multiple regressions showed that it was positively related to the percentage of conifers in the stand (R2 = 0.361; Table 2 ).
A two-way ANOVA between the three forest types (Populus, Betula and Pinus) and two soil types showed no effect of soil type, but a small effect of forest type on %PPFD measured above the understory vegetation (Table 3): %PPFD was significantly (P = 0.028) higher under Betula stands (Table 4) . A strong interaction was found between forest and soil types for the cumulative total understory cover (Table 3 ). This interaction indicated that cumulative total understory plant cover did not change for Populus between the two soil types, whereas on till it increased for Betula and decreased for Pinus (data not shown).
Effects of understory vegetation on light environment
Vertical distribution of both understory vegetation and %PPFD in stands growing on clay was highly variable among forest types (Fig. 1A, B) . Both Pinus and Populus had important understory plant cover between 5 and 50 cm and above 100 cm in height, whereas Betula, shade tolerant conifer and mixed types had an important plant cover only between 5 and 50 cm (Fig. 1B) . %PPFD decreased as one approached the forest floor for all forest types, but the intensity of the decrease was variable (Fig. 1A) . Multiple linear regressions showed that %PPFD measured at the forest floor was related to cumulative percent understory plant cover, total tree Table 2 ). When comparing Fig.  1A with Fig. 1B , it is clear that light attenuation within the understory plant cover relates well to its abundance. The proportion of PPFD transmitted by the understory vegetation was negatively related to the cumulative total percent cover (Fig. 3) . Overall, %PPFD at the forest floor was significantly (P < 0.01) lower under Populus and Pinus (ca. 2 %), where the largest amount of understory vegetation was found (see Fig. 1B ), compared to the other forest types -ca. 5% (Fig. 1A) . The coefficient of variation of %PPFD was higher on the forest floor than above the understory vegetation, especially for the Populus and Betula types (Fig. 2) , but there were no significant differences among forest types. The vertical distribution of both understory vegetation and %PPFD differed significantly between clay and till soil types (Table 4) (Tables 3  and 4 ). This interaction indicated that %PPFD at the forest floor did not change for Populus between the two soil types, whereas it increased from clay to till for pine and decreased for Betula. Table 5 of the total light received during a sunny day (Table 5) . No clear trend in the proportion, frequency and duration of 100 and 250 pmol m-2 s-1 sunflecks was observed among the forest types. The average number of sunflecks at the 500 pmol m-2 s-1 level events varied from 2 for Populus to 12 for Pinus (Table 5) . Sunfleck proportion at the 500 pmol m-2 s-1 level was much lower in the deciduous forest types, especially Populus (17.9 %), as compared to Pinus, shade-tolerant conifer and mixed forest types (32.1 to 56 %) ( Table 5 ). Time ( (Fig. 4) explains why the proportion of sunflecks at the level of 500 gmol m-2 s-1 in these stands could be so low while at the same time having a mean daily %PPFD as high or higher than some mixed or coniferous forest types (Table 5) . Reasons for these differences were not investigated, but they could be due to the even distribution of leaves in Populus and Betula canopies compared to conifer canopies: conifers tend to have dense crowns with well defined holes between adjacent trees. This can also explain the much lower coefficient of variation of %PPFD measured above understory vegetation in Populus and Betula forest types (Fig. 2) . There may be biologically significant differences in the shade cast by different canopy species within particular forests, which differences might lead to predictable patterns of tree-by-tree replacement (Canham et al. 1994; Horn 1971; Fox 1977; and Woods & Whittaker 1981 ). Here we demonstrated that stands dominated by shade intolerant (deciduous or coniferous) species transmitted more light than those dominated by shade tolerant conifer species (Fig. 1) .
Effects offorest type on light dynamics under clear sky conditions
Finally, we showed that the understory plant cover exerted a strong control on forest floor light conditions, and therefore on any further successional development of the forest community. This was especially evident under Populus and Pinus forest types, on clay soil, where we found the lowest forest floor %PPFD even though it was relatively high above the understory vegetation. As discussed by Constabel & Lieffers (1996) , as understory saplings grow in height above the main understory cover one can expect a marked improvement in growth rates. The height at which this accelerated growth occurs will vary among forest types (Table 1) . The vertical and interspecific differences in the mean, variability and nature of %PPFD found in the understory among forest and soil types in this study will probably greatly influence the recruitment, growth, reproduction, and survival of understory plant species of the boreal forest, and therefore to strongly regulate stand dynamics.
Implications for regeneration and stands dynamics
Our study and others (reviewed by Messier 1996) show that closed boreal forests cast a lighter shade than most other types of closed forests. Such higher %PPFD values might be necessary for the understory vegetation to grow and survive because of the limited resources and short growing season associated with boreal forest ecosystems. For the same forest, Parent & Messier (1995 , 1996 , comparing various understory species growing in a European beech forest, showed that early successional species had slower photosynthetic induction increases and faster induction losses than late successional species: haft time induction increases went from 2.5 min for early successional species to 0.8 min for late successional ones whereas half time induction losses went from 5.1 min for early successional species to 19.5 min for late successional ones. Such differences in the frequency distribution of PPFD values found among forest types in this study (Table 5) 
